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Two genes from the family encoding mouse ribosomal protein S16 were cloned, sequenced, and analyzed.
One gene was found to be a processed pseudogene, i.e., a nonfunctional gene presumably derived from an
mRNA intermediate. The other S16 gene contained introns and had exonic sequences identical to those of a
cloned S16 cDNA. The expression of this gene was demonstrated by Northern blot analysis of nuclear poly(A)+
RNA with cDNA and unique sequence intron probes. Each S16 intron contains a well-preserved remnant of the
TACTAAC motif, which is ubiquitous in yeast introns and known to play a critical role in intron splicing. A
sequence comparison with two other mouse ribosomal protein genes analyzed in our laboratory, L30 and L32,
revealed common structural features which might be involved in the control and coordination of ribosomal
protein gene expression. These include the lack of a canonical TATA box in the -20 to -30 region and a

remarkably similar 12-nucleotide pyrimidine sequence (CTTCCYTYYTC) that spans the cap site and is
flanked by C + G-rich sequences. The nature of the other members of the S16 family was evaluated by three
types of experiment: a DNase I sensitivity analysis to measure the extent of chromatin condensation; an analysis
of the thermal stability of cDNA-gene hybrids to estimate the extent of divergence of each gene sequence from
that of the expressed gene; and a restriction fragment analysis which distinguishes intron-containing genes from
intronless processed genes. The results of these analyses show (i) that all genes except the expressed S16 gene
are in a condensed chromatin configuration associated with transcriptional quiescence; (ii) that most of the
genes within the S16 family have sequences >7% divergent from the expressed S16 gene; and (iii) that at least
7 of the 10 S16 genes lack introns. We conclude that the ribosomal protein S16 multigene family contains one
expressed intron-containing gene and nine inactive pseudogenes, most or all of which are of the processed type.

The eucaryotic ribosome is a complex organelle composed
of four RNA species and over 70 different proteins. The
biosynthesis of these various components is coordinately
regulated during embryonic development and in response to
changes in cell growth rate by a variety of mechanisms
operating at several levels of gene expression (21, 27, 36, 52,
59, 62). To understand how these mechanisms operate in
higher eucaryotes it is important to know how the individual
genes are organized and expressed. While there is consider-
able knowledge of the structure and expression of the rRNA
genes of higher eucaryotes, much less is known about the
ribosomal protein (rp) genes.
Our earlier investigations revealed that the sequences

encoding individual rps are present in mammalian genomes
as multigene families containing 10 to 25 members (55).
Initially, this great multiplicity of rp genes seemed to present
a daunting obstacle to those wishing to understand the
genetic basis of how mammalian rp genes are coordinately
regulated. However, the results of recent studies have
indicated that this problem may not be as formidable as
previously anticipated. In these studies, selected members
of four mouse rp gene families were cloned, characterized,
and found to consist of both intron-containing genes and
intronless processed genes, many of which are clearly
nonfunctional pseudogenes (19, 38, 57a, 88). Moreover,
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Northern blot analyses of nuclear RNA with unique se-
quence intron probes suggested that there might be only a
single expressed intron-containing gene in the rp L30 and rp
L32 families (19, 88). Yet, inasmuch as only a portion of the
family membership was cloned and analyzed in these stud-
ies, the issue of whether there are any expressed processed
genes or additional intron-containing genes that are not
ubiquitously expressed could not be clearly resolved.

In this report, we present a detailed structural analysis of
the gene that encodes the small subunit protein S16. A
comparison of the rpS16 sequence with that of the expressed
L32 and L30 genes has revealed some novel common
features which could conceivably be involved in their coor-
dinate regulation. To evaluate the nature of the other mem-
bers of the S16 family, we devised a strategy, based on
analyses of total genomic DNA, which circumvents the
necessity of cloning and sequencing the entire gene family.
This strategy should prove useful for characterizing other
multigene families, in particular, families of housekeeping
genes that normally contain a high proportion of processed
members (83).

MATERIALS AND METHODS

Materials. Cytoplasmic RNA was isolated from cultured
mouse L cells as previously described (61). Nuclear RNA,
generously supplied by D. Kelley, was obtained from a mouse
plasmacytoma by hot-phenol extraction of citric acid-purified
nuclei (67, 69). Poly(A)+ RNA was purified by
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deoxythymidylic acid-cellulose chromatography. BALB/c
mouse DNA was extracted from the nuclei of cultured MPC
11 plasmacytoma cells by the method of Blin and Stafford (7)
as modified by Maniatis et al. (46).
The S16 cDNA probe used in these studies was initially

isolated by Meyuhas and Perry (53). For nick translations, a
1.2-kilobase (kb) HlhI fragment containing the 342-base-pair
(bp) S16 cDNA insert flanked by plasmid (pMIB9) DNA was
used.

All restriction enzymes and T4 ligase were purchased from
New England BioLabs, Inc. (Beverly, Mass.), T4 polynu-
cleotide kinase was purchased from P-L Biochemicals, Inc.
(Milwaukee, Wis.), bacterial alkaline phosphatase and
DNase I were from Worthington Diagnostics (Freehold.
N.J.), and SI nuclease was from Miles Laboratories, Inc.
(Elkhart, Ind.) [y-32P]ATP (3,000 Ci/mmol) was supplied by
Amersham Corp. (Arlington Heights, Ill.), and [ox-3-P]dCTP
(800 Ci/mmol) was supplied by New England Nuclear Corp.
(Boston, Mass.).

Isolation and analysis of genomic clones. The rp genomic
clones were isolated from a recombinant Charon 4A
bacteriophage genomic library constructed by M. Davis
from BALB/c sperm DNA partially digested with AliI and
HaeIII (14).
The library was screened with the S16 cDNA probe by

standard procedures (4). S16 gene-positive bacteriophage
recombinants were replated and rescreened several times to
ensure single-plaque purity. Analytical amounts of recombi-
nant Charon 4A bacteriophage DNA were prepared by a
minilysate procedure (46); preparative amounts of genomic
clone DNA were obtained by the method of Tiemeier et al.
(80).

Restriction site mapping, subcloning, and DNA sequencing.
An adaptation of the procedure described by Schibler et al.
(68) was used to map restriction sites in the inserts of
recombinant bacteriophage genomic clones. We used CltI to
generate the fragment to be mapped and an EcoRI-ClaI
fragment from the left arm of the Charon 4A vector as the
mapping probe. Selected restriction fragments were sub-
cloned into the plasmid vector pBR322 (70, 82) and propa-
gated in Escherichia coli HB1O1. The subclones were
mapped with additional restriction enzymes by the method
of Smith and Birnstiel (73). DNA sequencing was done by
the modified Maxam and Gilbert procedure (46).

SI nuclease mapping of the 5' end of S16 genes. The S1
mapping procedure used here is based primarily on the
procedure of Favaloro et al. (22). Briefly, a restriction
fragment containing the putative 5' end of the rp S16 gene
was end labeled by T4 polynucleotide kinase and gel puri-
fied. For hybridization with mRNA, this fragment was either
strand separated to provide each single strand of the duplex
DNA or used directly in its duplex form. The DNA fragment
and 5 to 10 p.g of cytoplasmic poly(A)+ RNA were mixed
together in 10 pL1 of 80% formamide-0.4 M NaCl-40 mM
PIPES (piperazine-N,N'-bis[2-ethanesulfonic acid]) buffer
(pH 6.4), heated at 85°C for 15 min, and then immediately
placed at 52°C for up to 16 h. Thirty volumes of ice-cold S1
digestion buffer (280 mM NaCl, 30 mM sodium acetate [pH
4.4], 4.5 mM zinc acetate, 20 p.g of denatured calf thymus
DNA per ml) were added, followed by 1 to 10 U of S1
nuclease per pul of reaction volume. Incubation was carried
out for 30 min at 15, 20, or 30°C. The reaction was quenched
by the addition of 75 ,ul of 2.5 M ammonium acetate-50 mM
EDTA and precipitated with 1 volume of isopropanol at
- 200C.

S1-digested samples were electrophoresed in parallel with

the chemical cleavage sequencing products of the end-
labeled fragment used in the hybridization. The samples
were electrophoresed for the appropriate periods of time to
ensure nucleotide resolution at the presumptive cap site of
the gene.
RNA analysis. RNA was analyzed by size fractionation

through 2.2 M formaldehyde denaturing agarose gels (44).
Transfer of the RNA to nitrocellulose filters, hybridization to
nick-translated probes, and posthybridization washing regi-
mens were carried out by procedures detailed by Thomas
(79).
DNA electrophoresis and blotting. DNA, electrophoresed

through agarose gels. was transferred to nitrocellulose filters
by the method of Southern (75). In those cases in which
low-molecular-weight genomic DNA was to be bound to
nitrocellulose filters, a procedure with 1 M ammonium
acetate-0.02 M NaOH as the transfer buffer was used (72).
DNA blots were hybridized (85) for at least 16 h with DNA

probes at concentrations of 50 ng/ml and specific activities of
no less than 3 x 107 cpm/pg.

Rehybridization of blots was carried out after melting off
the probe used in the initial hybridization. This was achieved
by washing the filter at 720C in 2.5 mM Tris (pH 8.0)-0.1 mM
EDTA-0.025% PP-0.001% Denhardt solution for 30 to 60
min (79).
DNase I sensitivity experiments. The DNase I sensitivity

protocol used in these experiments was carried out essen-
tially as described by Mather and Perry (47), with modifica-
tions as detailed below. It consists of four procedures: (i)
nuclei preparation, (ii) DNase I digestion of nuclei, (iii)
preparation of nuclear DNA. and (iv) restriction digestion
and DNA blot analysis.
The nuclei were prepared from MPC 11 cells grown in a

500-ml spinner culture. Log-phase cells were harvested,
washed with isotonic buffer, pelleted, and then suspended in
10 ml of cold 0.32 M sucrose-3 mM MgCIl-1 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
6.8) (SMH). Cold SMH (10 ml) containing 0.1% (wt/vol)
Triton X-100 was added to the cell suspension, and the cells
were disrupted in a Dounce homogenizer. Nuclei were
purified by centrifugation through 0.28 M sucrose (650 x g,
10 min 4°C). The pelleted nuclei were suspended in 3.2 ml of
cold 10 mM Tris (pH 7.4-10 mM NaCl-3 mM MgCl2 (RSB)
and left on ice for 3 min to allow clumped nuclei to settle.
The suspended nuclei were removed and used in experimen-
tal DNase I digests; the clumped nuclei provided control
DNA (i.e., no DNase I treatment or incubation).
For DNase I digestion. the nuclear suspension was di-

vided into seven aliquots which were treated with DNase I at
concentrations of 0.10, 0.25. 0.50, 0.62, 0.75, 1.25, and 2.50
,ug/ml. After the DNase I was added, the final reaction
volume was brought to 400 ,u1 with RSB, and all samples
were then incubated for 2 min at 26°C. DNase I digestion
was quenched by adding 680 pL. of a 0.46 M EDTA-0.7%
sodium dodecyl sulfate solution.
DNA was isolated from the DNase I-treated nuclei by the

procedure referenced above. Each DNA sample (10 p.g) was
supplemented with 3 mM MgCl. and digested with PiuII and
TaqI according to the directions of the supplier. The digested
samples were extracted with phenol-chloroform (1:1),
ethanol precipitated, electrophoresed through a 0.8%
agarose gel for 14 to 18 h at 35 V, and transferred to
nitrocellulose. Blots were hybridized for 16 h with an S16
cDNA probe, washed for 10 min at room temperature in
several changes of 5x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate), and then hybridized for an addi-
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tional 16 h with an alpha-fetoprotein (AFP) probe (the .4 ,c
appropriate restriction fragment from a mouse AFP genomic | ||
subclone [37] kindly provided by S. Tilghman). a -

SacI-PvuI fragment analysis. Genomic DNA (200 ,ug) was c c
digested with PiiII and electrophoresed on a 0.7% low- .
melting-point agarose gel at 30 V for 18 h. After electropho- .1o o-- co ci
resis, the gel was cut into fractions based on the previously ^c.o3 na 0
determined mobility of the S16 gene-containing P'iII bands. 0 > -C0C
The DNA from each gel fraction was isolated by adding 0.1 G a X ° -
volume of 5 M NaCl, solubilizing the gel at 68°C, and then X 3 cn > c)
extracting with 0.5 M NaCI-saturated phenol. Restriction of nD -3 '0 -_C')
the DNA samples with Sacl and P'il, gel electrophoresis, 3 (> ED r 4 C)0 C- -' C) 0.§
and Southern blot analysis were done as described above. a S % 0 03 .-40.nCD5 - C) C -4-

RESULTS
n C mD

C") .4 0c

Gene isolation and initial characterization. Although the rp , eX 3 .C
C..C' :0. 0. C')S16 family contains 10 members as indicated by Southern 3 '-. 0-a .4--

blot analyses (see below), only three distinctive clones & C) -C) 4C)o
CDCD ) -5 0(S16a, S16b, and S16p) were obtained when a BALB/c 3 _ & e2& C) . - . ' C: EC:

sperm DNA library was screened with an S16 cDNA probe. & fo * - 0
Restriction enzyme mapping (Fig. 1) indicated that S16a and ,,a 05 S * C) O
S16b are overlapping clones of the same gene, hereafter CG=.S
denoted as rp S16. Our failure to pick clones representing the & f C C3S C)C: ';C:
other eight members of the rp S16 family may be due in part X C) n0 ' 0 0 ;
to the stringent wash conditions used in our screen protocol : 2 0 .; C) C)D

(twice for 30 min each time at 65°C in 0.015 M NaCl); such ; -
>C) C) '5 4 0 ;

conditions would tend to disfavor the identification of rela- >_ = c); 5 000C
tively divergent rp S16 pseudogenes (see references 38 and = z 0 0 C)| -|°
57a). The EcoRI restriction fragments bearing S16 sequences CL,,, -c - .4C_C)nm n -4 -5 . 0-C
were subcloned into the plasmid vector pBR322, and each oD - |CD - ' Ho
subclone as well as the insert of the S16 cDNA clone was n 0s°- Co . a .4
mapped with additional restriction enzymes. The maps were vG .v S

'4 0 'o'CC>
used to establish sequencing strategies, and the complete = _ X 0c'
sequences of the cDNA, S16, and S16p were determined. "C

C,,, Co)
S16p is a processed pseudogene. The sequence of S16p X7,=s4n_m'

(Fig. 2) exhibits several features which suggest that it is a Cc- X 0>c')
processed gene derived from an mRNA intermediate. These s -c
include colinearity with the cDNA sequence and absence of C > 0C C) 0

intronic sequences of the expressed S16 gene (see below), - ' 0 ^11s ^'-

similarity in size to the S16 mRNA (53), an A-rich sequence ° >.Z -5 - 0-. n
at its 3' end, and delimitation by a directly repeated se- -c) e) -5
quence (71, 83). A comparison of the S16p sequence with the c a n - C - - 0 -4
fused exonic sequences of S16 (which appears to be the only & 08 C 0
expressed S16 gene, as further evidence will show) demon- X) a C) C)
strated that insertion, deletion, and substitution of nucleo- c X > >)
tides have all contributed to the mutation of a presumed O 0 . -5 C 0
original sequence corresponding to the S16 mRNA to a .4 0 C)
nonfunctional pseudogene. The sequence divergence result- ' .4XC)
ing from these mutations is about 3.7%. Given that these are 0 0 c) c:-" C) 0

=1a-;0- V a 4-neutral mutations which accumulate at a rate of approxi- z s = < - 0 C C)
mately 0.7% per 16years (58), the age of the S16p gene is C) - C) .- )
estimated to be 5 million years. 0- .4- -5eC C)

Determination of the 5' end of the S16 gene. The similarity C C a 0c : C 0ec
in size between the S16p gene and the S16 mRNA suggested c.n a'C), o C)

that the processed gene might be useful in helping to define 3 0C) C) C)
the 5' end of the S16 gene. This is especially advantageous s " '4X C) '4 0
because the cDNA used in these studies lacked a consider- v 3 c) ' 0
able amount of 5'-terminal sequence. To determine whether n.= X 0 - 0 '4
the 5' sequences of S16p are indeed representative of the S16 m . 0 a C) C) - C) C)
mRNA sequence, an S1 nuclease protection experiment was CD 0 0 0 -
performed. Experimental design and details are presented in C - '|4
Fig. 3A and its legend, respectively. The results show that - - 0 - 0 a )
the S16p (-)-strand sequences downstream of the 5' direct > 0 - C 0 0
repeat are protected from S1 nuclease digestion. The se- n O_: n -5 ca
quence of the S16p gene is therefore sufficiently homologous 0c 0 n aC)
to the S16 mRNA sequence to allow us to use this informa- >
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FIG. 3. Determination of the 5' cap site by Si nuclease protection. (A) S16p gene. (B) S16 gene. The diagrams at the top illustrate the
experimental design of each Si analysis. The fragments (wavy lines) were single stranded for panel A and double stranded for panel B. The
horizontal open arrows in panel A denote the direct repeats of the processed gene. Controls included (i) no RNA input, (ii) yeast RNA input,
and (iii) hybridization with the sense (+) strand. In the experiment of panel A, (+) and (-) refer to the sense and antisense strands of the
restriction fragment, respectively: only the (-) strand is protected. In the experiment of panel B, two temperatures of SI nuclease digestion
were used: 20 and 30'C. Vertical arrows in the diagrams refer to the cap site nucleotide determined after subtracting a 4.5-nucleotide
correction factor as indicated by horizontal dashed and unbroken arrows in the autoradiograms.
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tion in identifying the 5' exon(s) of the S16 gene and in
locating its c.a s'ite.

This experiment also provides an opportunity to evaluate
the precision of the SI nuclease protection method for
determining the location of the cap site. Previous studies of
an immunoglobulin mRNA in which the 5'-terminal nucleo-
tide was determined by direct chemical analysis of the cap
structure as well as by Si nuclease protection (35) indicated
that the position of the capped nucleotide in an accompany-
ing sequence ladder is 4.5 nucleotides below the position of
the largest SI nuclease-protected fragment. The 4.5-
nucleotide difference is presumably due to steric hindrance
of the Si enzyme by the 5' cap structure and to the fact that
chemically sequenced DNA fragments migrate 1.5 nucleo-
tides faster than the corresponding fragments generated by
Si nuclease digestion of RNA-DNA hybrids (74). When this
correction was applied to the data of Fig. 3A, the largest
Si-protected band of significant intensity corresponded to
the first cytosine residue in the sequence 5'-CCTTTTCCGG-
3', which immediately follows the 5' direct repeat of the
gene. The correspondence between the 5'-terminal nucleo-
tide predicted by the location of the direct repeat and that
indicated by the Sl analysis tends to substantiate the 4.5-
nucleotide subtraction for determining cap sites from S1
nuclease protection experiments with mRNA.

If S16p is indeed a full-length representation of the S16
mRNA, then the identified C residue should correspond to
the cap site for the S16 mRNA and. presumably, the
transcriptional start site of the gene (60). To establish this
point conclusively, a similar S1 nuclease protection experi-
ment was done with a fragment derived from the 5' region of
the S16 gene. Using the sequence information provided by
the S16p gene, we examined the sequence of the S16 gene
(see Fig. 4) and located the putative cap site within a 192-bp
XnnlI-AiaII restriction fragment. This fragment was used in
an Si nuclease protection experiment (Fig. 3B). Applying
the 4.5-nucleotide subtraction to determine the correct cap
site, the 5' end of the S16 gene is seen to begin with the
sequence 5'-CCTTTTCCGG-3', exactly as predicted from
the S16p analysis.

Sequence analysis of the S16 gene. The entire sequence of
the S16 gene is shown in Fig. 4. The S16 gene is 1,941
nucleotides from the cap site to the nucleotide preceding the
poly(A) tail. The identification of exons and introns was
accomplished by aligning the S16 cDNA and S16p sequences
to appropriate portions of the S16 gene. When this was done,
it was seen that the S16 gene contains five exons totalling 545
nucleotides and four introns, all of which are bounded by the
requisite GT AG dinucleotide splice junction sequence
(9, 57). The usual pyrimidine-rich nucleotide stretch imme-
diately upstream of the 3' splice site (9) is also present in all
introns. The sizes of the introns vary greatly; the three small
introns are 82, 88, and 138 nucleotides, while the single
larger intron is 1,083 nucleotides.
An open translational reading frame begins with the AUG

codon at nucleotide 53 in the first exon and is terminated by
a TAA stop codon at nucleotide 1,882 in the last exon. Of the
145 amino acids encoded, 25 are basic and 12 are acidic,
imparting an overall basic nature to the S16 rp. The amino
acid composition predicted by our sequence analysis of the
S16 gene correlated well with the amino acid composition
determined by biochemical analysis of the purified protein
(i1).
Noteworthy features at the 5' end of the S16 gene include

a 12-nucleotide pyrimidine tract spanning the cap site and
the absence of a canonical TATA box in the -20 to -30

region. This region, however, contains ah AAAAAT se-
quence flanked by stretches of high (>80%) cytosine-plus-
guanine (C+G) content, and as discussed below, this se-
quence motif might perform the polymerase-positioning
function normally attributed to the TATA box (9, 29, 50).

Analysis of the 3' flanking DNA revealed a moderately
repetitive Bi element 150 nucleotides downstream from the
end of the S16 gene. This element had 83% homology with
the published Bi sequence and, as delimited by a pair of
8-nucleotide direct repeats, was 27 nucleotides longer at the
3' end than the consensus Bi element (32, 33). It contained
a bipartite sequence, 5'-TGGCCTTGAAC--43N--TGTA
CGCCACC-3', starting at nucleotide 2,179, which resembled
the consensus RNA polymerase III promoter sequence:
S'-TGGCNNAGTGG--(25-45)N-TGTACGCCACC-3' (26).
However, since the rpS16-associated sequence contains
base substitutions at positions deemed essential for RNA
polymerase III promoter activity (81) (underlined in con-
sensus sequence), it may not have transcriptional capa-
bility.

Expression of rp S16 gene: nuclear poly(A)+ RNA blot
analysis. The expression of the rp S16 gene was investigated
by Northern blot analysis with a variety of probes (Fig. 5b).
Poly(A)- nuclear RNA from a mouse plasmacytoma was
hybridized to the S16 cDNA probe and to probes represent-
ing the 5' flank, intron 2, and the far 3' flank, all shown to be
unique in the mouse genome by Southern blot analysis (Fig.
5a). The intron 2 and cDNA probes both revealed a 2.1-kb
primary transcript and a 1.8-kb processing intermediate. In
addition, the cDNA probe detected the 0.65-kb mature S16
mRNA.
The correspondence of the components revealed by the

cDNA probe and the unique sequence intron 2 probe indi-
cates that the S16 primary transcript as well as its processed
intermediates are indeed derived from the rp S16 gene.
Nothing was detected with the flanking-region probes, indi-
cating that these regions of the genome do not produce stable
poly(A)- RNAs in these cells. The presence of a 1.8-kb
processing intermediate containing intron 2 indicates that
this intron is usually excised subsequent to the removal of
the three small introns.

Strategy for characterizing the entire rp S16 family. To
assess the transcriptional activity and general structural
features of all members of the S16 gene family, the following
series of experiments were performed: (i) DNase I sensitiv-
ity analysis to determine the extent of chromatin condensa-
tion and, by inference, the transcriptional status of each
gene; (ii) thermal stability of genomic DNA-cDNA hybrids
to estimate the degree of sequence homology between each
gene and the S16 mRNA; and (iii) a restriction fragment
analysis designed to distinguish intron-containing genes from
intronless processed genes. These analyses have enabled us
to examine the entire S16 family with regard to the attributes
normally associated with functional genes without having to
individually clone and characterize every gene. Although the
interpretation of the results of each of these analyses rests on
certain assumptions which cannot be rigorously verified in
all cases, the combined results of all three approaches have
enabled us to draw strong and definitive conclusions about
the nature of the rp S16 family.
The success of such an analysis demands that all of the

S16 genes be resolved on a clearly defined set of restriction
fragments with each fragment containing a single S16 gene.
Moreover, for an easily interpretable DNase I analysis, it is
advantageous for all of the genes to reside on relatively small
restriction fragments. This requirement is important for two
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-300 -250

-SOO 0CCGGTCC CAACAiL;;urGCCGTACAGGTTCCTCACCCGNAT CAGALAA'CCGCTCTCAGGCTTCGACGTCAstCTCTAAAALiL;i;rCTGTCGCCA.ALUCtCAGCACTCAs-;00-,,
III.I Ii

so
iI'I Ii

exon I
ATGCGCCTGCGCACCCTGAAAAATCGGCTGGGTTGGCCCCGCGCTTC CCTTTTCCGGTCGCGGCGCTGCCGGTGTGGAGCTCGTGCTTGTGCTCGGAGCT

?I
ATG CCG TCC AAG GGT CCG CCT GCA GTC CGT GCA GGT CTT CGC ACG CAA G GTGTCCAAGGGCiGCATAGAAAGAGGTGGGGGTC
M1et Pro Ser Lys GIV Pro Pro A la Vat Arg A la ClV Leu AIrg rhr GCn C
ssO ~~~~~~~~~~~~~~~~~~~~~~20 0

CGGACGGCGCCAGAAGGCCCCTGGCTGGCTGACATGATGAGCTGCGGCCCCCTGAGCC AGGGTCCCGCGCTCACCGGCCCCCGCCCTCTCCCTCGCCCTTC

Cxon 2 II!I
ACAG AA AAC TCT CCC TGT GCC CCA CTG CAA ACC GCC AAA TGC CCT CAT CAA CCT GAA CGG ACG TCC CCT CCA CAT

tu Asn Ser Arg CVJ GIV. Pro Leu Gin rhr Cly Lys rr-p Ala Hfis Cln CtV Clu Arg Thr Ser Pro C(V Asp

CAT CCA GCC GCG CCC CCT CCA CTA CAA GCTGTTGGCCCTCCGCATGCGCGTCCGCGTGACGAGACGCAAGGGAAGCCCCCGCGATCATAG
Asp Arg Ala Ala Arg A la Ala Val Clni V

420 5 00

GGAGT-TGALi-GCTCCCAAGGAGGATGGCTTACCTCGCGGTAGACCCTAACCTGCGCGCGUtttAAAGATCAAGTCGGAGC-TGGTIAAAATACATGAAAACGTGl-I1 0
550 600

GCCTATTCTATAACCTCGAAGCTCTCCAGATGCCGAGGGGCCCGTGGCGCACAAT1AGCACAGTGTATCCGACCTAATTGACCtA-TTT-CTGGTCTAGAAGTATG
.50 700

AGTTTACAGCTCAT'TGTACACTCCTACCTCCTTCGAGCGATACCATACTACGACTTACCAATCCAAAGCCCCCCCGTTTACGTCACCAT&CCGCTACAAC
750 600

GTGGAACCCTGAAAAATACAATAGGAG-TCCTCT-uAGAsTCTAACATTGGTAGCACTTGTATGGGTTTTTGTTGAACTAG-1TGGGCtA^AAACTGGAAAACAAG
a850 100

8SO 200

TGCAAGAACAAATCCTCTTTTGCAACCCAGAAGCTCATTGTTGTATGAGTTTTTGGTACATGTAAGAAGGAATATCATACCT;--iTiAGCACAATGCATTCCA

ATGGTAGTGTTGATGTTAATGCCCACCAGACCCCCCG-CTCt--AGTCTAATGCCAAGTCTGTCAGGTGACTAAAAAGGACAGTCTGTCAGTTTATTTGAACGA

IIOT 1 ?TTGGTGTGTGTACCCCTGTGTTGTGAA-1TCGGCCL;AAC;ACCLAGTGATGGAGGTGGCTCTAGGCCTGCCACTCGGGGAGCTTCTGGATAGACTGGTCCTAGG
1250O 1200

TATTG TACACATTTCATCCACAATAAGATGCGA ATCACCTCTGTCACTACATCTGCACCTTCTGACCTTCATTCCTGCTTTCGGCTAACTATAGTTCCT

GTCACTCCATCATTCCAGCTCCTCCGTGTCTCAGGCCCTCTTCTGGTCTCATCGCGCACATATACATGGAACTCTATCCCCATCACGCATCCTAGGATAG

I I I~~~~~~~~~~~~~~~~~~~1 3

GCTGCCTCCTTGATTCTACCTGATGTGGTACCACTACAAACGGAGATGATGATCC ACATCGAGTCTTCAGTCAGGC AACTTAACTCCCTTACL

I ,r
CCATATTTTCCCATTCTCACCAG TT ACT GGA GCC TGT TTT GCT TCT GCG CAA GGA CTA ATT TGC TGG TGT GGA TAT TCG

lat rhr ClS Ala tys Phe Ala Ser CIV Cln CtV Ala I le Cys rrp Cys CIV rVr Ser

1 ~ 500 _ 600

CAT CCC TGT AAACGC TGG TGG iCA TCT ACC CA AAT TTA TG TAACC ATCCCTAACCCTATGGCTGCTGGGCAGCTCCTCCA
ClA Pro CVAa Ctu cLi rrp 7rp Lhr CV Asp Pro Asn Leu Cy A

I I~~~~~~~~~~60

ex-on 4
AGGACTGGGTCTTCACTAAGCTTTTTGGTCATTGGT CCTTGCAG CC CAT CCG ACA GTC CAT CTC AAA GGC CTG GTA GCT TAT TAC
Avis Pro rhr VatLis LeuLyLPLPLeA Vatl agyrAyr

I 650 700

I ~~I iI'I I I

. ~~~~~~~~~~exon5
CAA AAA T GTTAGTCAGAGCTCGTCTTTCATTTCATGGCGCGTGCGCTATGTGT TAGGACCATACTATAGGTCTTGCTCTCTTGCTACAC AT GTG
Gtn LVJ r vr Vat

I Igo IIaIaI

GAT GAA GCC TCC AAG AAG GAG ATC AAA GAT ATC CTC ATC CAA TAC GAT CGG ACC CTG CTT GTA GCT GAC CCC CGT
Asp Clu Ala Ser Lys Lys Glu fie Lys Asp lie Leu Ile Gtn Tyr Asp Arg rhr Leu Leu Vat Ala Asp Pro Arg

CGC TGC GAA TCC AAA AAG TTT GGA GGT CCT GGT GCC CGT GCC CGA TACCAT TAA TCC TAC CGA TAA GCCCATCTCAAG
Arg Ctls Clu Ser LV#w LVJ Phe Cly CIVJ Pro CIV Ala Arg Ala Arg ryr Cln LVs Ser rVr Arg -

2500 1950

GATCGCGT TTTACCTTTGTAATAAACATCCTAGGATTTTAACGTTICCTGTTTTTGTGATGCTCTCTTTTTGTATAuTAGTGTGGTTGGACAGTGCAAG

AAACTCCCTAGTAAGTGGCACTAAGGAGTAATGGCTACCTTCCAGAGCATTTGAGCTCGTTTTTu-TG-uTGAACGCTTGCTTGC TTITATTATTATTTTA
_2 1 00 21 to
CTTTT+TTGTTGTTTTTTTTTTGTTTTCGAGACAGGGTTTCTCTGTGTGCCCTGAC'TGTCCTAGAACTCACTTTGTAGACCNGCTGGCCTTGAACTCAGAA

ATCCATCTGCCTCTCCTCCGGAGTGCTGGGATAAAGGTGTACGCCACCATGCCTAG.CCCCTATTTTTTTTITTT&AAGACCTTGTTTTTCTTGCCCCTGCT

ATCCT
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reasons. First, large fragments present a relatively large
target size to DNase I and will be nicked by the enzyme
regardless of whether the fragment contains an actively
transcribed gene or not. Second, a large fragment would
have an increased probability of containing an active gene in
addition to the S16 gene, and if this was the case, DNase I
sensitivity of this fragment could not be unequivocally
assigned to the S16 gene.
To select the appropriate restriction enzyme(s) for these

studies, we digested mouse DNA with a battery of enzymes
and subjected the digests to Southern blot analysis with the
S16 cDNA probe. Two enzymes, PwuII and TaqI, gave a
total of 10 well-resolved fragments containing S16 se-
quences, the largest of the fragments not exceeding 8 kb. For
the reasons given above these sets of relatively small frag-
ments are particularly suitable for the DNase I sensitivity
experiments. A subsequent restfiction fragment analysis,
described below, confirmed that each PvuII fragment con-
tains one S16 rp gene, thereby fulfilling the "one gene, one
restriction fragment" requirement.
DNase I sensitivity experiments. The relative susceptibility

of a gene to DNase I digestion is usually considered to be a
reliable indicator of its transcriptional state (87): DNase I
sensitivity indicating active gene transcription and DNase I
resistance suggesting transcriptional quiescence. The rela-
tive susceptibility is assayed by the disappearance of the
gene-bearing restriction fragment over a DNase I concentra-
tion range in which a restriction fragment bearing a tran-
scriptionally silent gene remains intact. For our experiments
the AFP gene (37) was used as the DNase I-resistant
standard; this gene is not expressed in the myeloma cells
used for these experiments (47), as was verified by a North-
ern blot analysis of nuclear RNA (data not shown).
A preparation of nuclei from rapidly growing MPC 11 cells

was digested with various concentrations of DNase I, and
the DNA was extracted from each sample and then digested
with PvuII or TaqI. DNase I concentrations up to 1.25 p.g/ml
yielded high-molecular-weight DNA from which a complete
size spectrum of restriction fragments could be obtained, as
indicated by ethidium bromide staining of the digested
samples (Fig. 6). A Southern blot of the PvuII digests
analyzed with the S16 cDNA probe and an AFP probe is
shown in Fig. 7a. The positions of the 10 S16 fragments (a
through j) and the AFP fragment are seen in the flanking
marker lanes. A comparison of the intensities of the S16
bands with that of the AFP band clearly indicates that
fragment b is selectively digested at the lower DNase I
concentrations. This S16 gene is thus likely to be in a
chromatin configuration allowing for active transcription. All
of the other S16 bands were DNase I insensitive, indicating
that the remaining genes within the S16 gene family are in a
chromatin structure associated with transcriptional inactiv-
ity.
To determine whether restriction fragment b contains the

cloned rp S16 gene that was shown to be expressed by
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FIG. 5. Expression of the rp S16 gene as determined by North-
em blot analysis. (b) Replicate samples (7.5 ,ug) of poly(A)+ nuclear
RNA from a mouse plasmacytoma were electrophoresed in a
denaturing 1.5% agarose gel. The RNA was transferred to nitrocel-
lulose and hybridized with the following nick-translated probes: 1, a
unique sequence 5' flanking BamnHI-EcoRI fragment; 2, a unique
SmnaI-BamHI fragment from intron 2; 3, a unique 3' flanking EcoRI
fragment; and the S16 cDNA insert. Two autoradiographic expo-
sures are shown for the blots hybridized with the cDNA probe and
probe 2. Panel a shows strips of PillII-digested mouse genomic
DNA hybridized with probes 1 and 2. The single 6.7-kb band
demonstrates the uniqueness of these probes. A similar analysis was
performed with probe 3. The sizes of the RNA components were
determined with rRNA markers that were calibrated by using the
exact intron/exon sizes of the sequenced gene. Each component is
assumed to have a poly(A) tract of 150 nucleotides. The faint diffuse
bands in the 4- to 6-kb region seen with the cDNA and intron 2
probes are not consistently observed with all poly(A)+ nuclear RNA
preparations and thus may be artifactual. Restriction endonuclease
designations are defined in the legend to Fig. 1.

FIG. 4. Nucleotide sequence of the S16 gene. Exon sequences are boxed and arranged into triplet codons with the corresponding amino
acid written beneath each codon. Numbering begins at the cap site. Negative numbers are used for 5' flanking DNA. The polyadenylation
signal AATAAA (underlined) is located 20 nucleotides from the end of the gene (nucleotide 1,941), as established by colinearity with the S16
cDNA sequence. The beginning of the cDNA sequence is denoted by an asterisk. Overlining beginning at nucleotide 2,079 and extending to
nucleotide 2,252 indicates 3' flanking sequences homologous to a Bi element. The horizontal arrows refer to direct repeat sequences
associated with the Bi element (a T and G nucleotide mismatch occurs at the third nucleotide of the repeat). The broken overlining indicates
that portion of the Bi element (defined here by inclusion between the two direct repeats) as sequences extending beyond the published Bi
element consensus sequences (32. 33). Sequences homologous to the split RNA polymerase III promoter consensus sequence (26) are denoted
by wavy underlining at nucleotides 2,179 to 2,189 and 2.233 to 2.243.
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FIG. 6. Analysis by ethidium bromide staining of the DNA used to examine the DNase I sensitivity of rp S16 genes. Lett panel: DNA from
nuclei treated with various concentrations of DNase I compared with DNA from untreated nuclei. A set of molecular weight markers derived
from HinidlIl-digested X phage is shown at left. High-molecular-weight DNA was obtained at all concentrations except 2.5 ,ug/ml. Right
panels: the Pvlull- and TolqI-digested samples used for the Southern blot analyses of Fig. 7 and 8. The tracks are marked according to the prior
DNase I treatment of each sample. The M tracks contain DNA from untreated nuclei which was used to provide size markers for the AFP
and S16 cDNA probes. Electrophoresis on 0.8% agarose gels.

Northern blot analysis, a comparison between cloned and
genomic DNA Pi'lII restriction fragments was carried out.
Restriction fragment b aligned with the PvulII fragment of the
cloned rp S16 gene (Fig. 7b), indicating that it does indeed
contain the expressed, intron-containing S16 gene. When
similarly analyzed, S16p, the cloned S16 processed pseudo-
gene, was found to correspond to DNase I-insensitive frag-
ment e. Thus, as might be expected, this gene, which
presumably lacks upstream transcriptional control signals,
registers as transcriptionally silent by this analysis.
The PvuII restriction fragment b is 6.7 kb. Since the S16

gene is 1.9 kb, this leaves 4.8 kb of flanking DNA, most of
which is 5' of the gene (Fig. 1). Such an arrangement is
theoretically vulnerable to the situation mentioned above,
namely, that a closely linked gene or transcription unit and
not the rp gene itself might be imparting the DNase I
sensitivity to fragment b. Fortunately, the TtlaI analysis can
be used to examine this possibility. From the sequence
analysis, it is known that a TciqI digest will place the S16
gene on a 1.7-kb restriction fragment. Most of this fragment
is internal to the S16 gene; it begins at a site within intron 2

and extends in the 3' direction to a site 200 bp downstream
from the 3' end of the gene (Fig. 1). As there are no other
genes on this 1.7-kb fragment, any DNase I sensitivity
associated with it must be attributed solely to the S16 gene.
The results of the TaiqI analysis (Fig. 8) parallel those of the
PslII analysis in that the band corresponding to the cloned
S16 gene, now on a 1.7-kb fragment, was DNase I sensitive
while the band containing the cloned S16p gene, band c at
4.0 kb, was not. As one might anticipate, the 1.7-kb TaqI
fragment, which presents a smaller target for DNase I than
does the larger Pii'II fragment. disappeared at a higher
DNase I concentration (0.75 versus 0.62 Fg/ml).
From the results of these experiments, it can be concluded

that only one gene within the entire S16 gene family is in a
chromatin configuration that suggests active transcription.
All other S16 genes reside in a chromatin configuration
normally associated with transcriptional inactivity. It seems,
therefore, that only a single pair of alleles contributes to S16
mRNA production in the rapidly proliferating cells from
which the chromatin was derived: the remaining S16 genes
appear to be silent.
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FIG. 7. DNase I sensitivity of Puull fragments containing rp S16 genes. (a) Pv'ull fragments derived as described in Fig. 6 were transferred
to nitrocellulose and hybridized sequentially (DNase I-treated series) or separately (marker DNA samples) with the S16 cDNA and mouse
AFP probes. (b) Comparison of rp S16-containing Pvull fragments in genomic and cloned DNA samples. BALB/c mouse DNA (10 ,ug) and
DNA (4 ng) from clones S16a and S16p was digested with Pvulll, electrophoresed in parallel, and hybridized with the S16 cDNA probe.
Restriction fragments b (6.7 kb) and e (3.4 kb) correspond to the expressed gene and processed pseudogene, respectively.

Thermal stability of S16 cDNA-S16 gene hybrids. Among
the transcriptionally quiescent S16 genes, those exhibiting
considerable sequence divergence from the expressed gene
would be more likely to be nonfunctional pseudogenes.
Based on this reasoning, a thermal stability experiment was
performed to determine the degree of sequence divergence
between each S16 gene and S16 mRNA sequences repre-
sented in the cloned cDNA. Advantage was taken of the fact
that the extent of base-pair mismatching between two
nonidentical hybridizing DNA strands is proportional to the
difference in melting temperature (T,,,) between a mis-
matched and a perfect hybrid (39). From this difference in
denaturation temperatures, the approximate sequence diver-
gence between expressed S16 sequences and each S16 gene
may be determined.
The results of this experiment (Fig. 9) identify two genes

with a melting behavior similar to that of the expressed S16
gene in fragment b. One of these is the S16p gene in fragment
e; the other is the gene in fragment a. Within the limited
precision allowed by the 5°C increments, there was only a
marginally detectable difference in T,,, between the perfectly
matched hybrids formed with the relatively short S16 exons
and the longer mismatched hybrid formed with the S16p
gene which has 2.0% sequence divergence over the length of
the S16 cDNA (Fig. 2). Although this imposes an uncertainty
of about 2% on our ability to estimate the extent of sequence
divergence from the decrement in T,,,, useful information can
be obtained from this experiment because all other genes
form cDNA hybrids with significantly lower T,,ms compared

with those of a, b, and e. Given that a 1°C decrease in the Tm
of a DNA duplex corresponds to a 1.5% sequence diver-
gence (39), genes c and g are estimated to have a sequence
divergence of about 7 to 15%, while genes d, f, h, i, and j are
about 15 to 22% divergent with respect to the expressed S16
gene.
There is a formal possibility that some of the genes

exhibiting sequence divergence may be expressed genes that
have accrued a substantial number of nucleotide substitu-
tions. However, such genes should be less divergent than
most nonfunctional pseudogenes due to strong selective
pressure to maintain the appropriate amino acid encodement
and a weaker selective pressure against third-base changes
in synonymous codons (54). Indeed, a sequence divergence
of more than 15% would require about half of the codons to
have engendered silent mutations, and there is no prece-
dence for such large-scale neutral divergence among func-
tional genes (54). Moreover, the existence of highly diverged
functional rp genes is contradictory to the remarkable evo-
lutionary conservation of mammalian rp mRNA sequences
(17, 21, 55). Since most genes in the S16 family exhibit a
large sequence divergence from the expressed S16 gene,
they very likely represent pseudogenes rather than variant
functional genes.

Size comparison of Sac I-Pvu I fragments. As a third means
of characterizing the various members of the S16 gene
family, we devised a protocol for distinguishing processed
from intron-containing genes by a Southern blot analysis of
genomic DNA. The rationale for this protocol (Fig. 10)

a) b)
z
Q

E C

i)--
QU)U)0

Kb

a L,,

b X

d

3.4-j?
9v
h

f q'

i_v

VOL. 5, 1985



3570 WAGNER AND PERRY

a)
[DNAse I] sug /ml

tOQ oJuI o
S16 0cmiLO w r- c St6

Kb AFP cDNA 0 6 000° cDNA AFP

b) z

E a0

a)-

Kb
23.3 -

9.5-

6.6-
b

g.

4.3-

da

f
233-
2.0-

go
i.3- ho

0.9- j
0.6 -

i.

¶T
a-

-Si6p b "-

4.0-c
d
e "
f

A -Si6

1.7-g

h 'Lim

FIG. 8. DNase I sensitivity of TaqI fragments containing rp S16 genes. Experimental protocol is the same as that described in the legend
to Fig. 7 except that TaqI was used instead of Pwill. (a) DNase I-treated series. (b) Identification of fragments containing S16 (g. 1.7 kb) and
S16p (c, 4.0 kb) genes.

makes use of two six-base restriction enzyme sites that span
all of the introns of the expressed rpS16 gene: a Sacl site
residing in the first exon and a PvuI site residing in the last
exon. A SacI-PvuI digest of the intron-containing rp S16
gene should give a 1.6-kb fragment, whereas the same digest
of a processed gene such as S16p should yield a 360-bp
fragment. Thus, by determining the size of the SacI-PvuI
fragment associated with each S16 gene one may hope to
assess whether it is of the processed or intron-containing
type.
There are several requirements essential to this protocol.

First, genomic DNA must be separated into fractions, each
containing a different and complete S16 gene. The results
presented earlier suggest that this could in principle be
achieved by isolating PvuII or Taql fragments of apropriate
size from a digest of mouse DNA. We chose to isolate PvuII
fragments for these experiments (Fig. 10B). Second, the
genomic DNA should be completely digested at all Sac and
PvuI sites to avoid having artifactual (partial digestion)
products that would complicate an interpretation of the data.
In our experiments, some partial digestion products were in
fact encountered, but fortunately the most prevalent of
these, which were due to incomplete PwuI digestion, could
be identified by coincident hybridization with probes for
sequences on the 5' and 3' sides of this site (Fig. 10A).
Finally, there is an inherent limitation of this analysis due to
possible mutation of restriction sites. If either the SacI or
PviI site is mutated, as could be the case in a divergent
processed gene, then the size of the fragment would be
changed and yet the gene might still be of the processed

type. Therefore, genes which display the diagnostic 360-bp
SacI-PvuI fragment may be deemed to be processed genes
with reasonable certainty, whereas genes which display
neither the 360-bp nor the 1.6-kb fragment could be either
divergent processed genes or variant intron-containing
genes.
The results of this experiment are shown in Fig. 11. The

purity of the fractions of isolated PvuII fragments was

checked by a Southern blot analysis (panel a). All fractions
except those containing fragments f and g gave a single band
and thus contained a single S16 gene. The analysis of the
SacI-PvuI digests (panel b) revealed 360-bp bands for frac-
tions a, d, f and g, h, i, and j, as well as for fraction e which
contains the cloned processed gene. Thus, the S16 gene in
each of these fractions is of the processed type. As expected,
fraction b, which contains the expressed rp S16 gene,
exhibited the 1.6-kb SacI-PuI fragment.
Most of the DNA fractions including b and e, which

contain the cloned, fully characterized S16 genes, displayed
high-molecular-weight bands that were not expected accord-
ing to the experimental rationale. This suggested possible
incomplete PvuI or Sacl digestion of the DNA samples. The
PmuI recognition sequence contains a CpG dinucleotide,
which if methylated (5'-CGATmCG-3') would inhibit cutting
at this site (49) and thus account for the proposed incomplete
digestion. This condition was verified by hybridizing the
SacI-PwuI blot with probes representing the 5' and 3' por-
tions of the S16 cDNA. Most of the high-molecular-weight
bands hybridized to both probes, confirming that they are

indeed partial PwuI digestion products and of no serious
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consequence for the present analysis. The band denoted by
an asterisk in fractions a through d appeared to hybridize
only with the 5' probe and thus might represent an analogous
Sacl partial digestion product.
Some ambiguity remains about the nature of the S16 genes

of fraction c and one of the fragments of fraction f and g.
Fraction c, which did not yield a 360-bp product, exhibited a
1.1-kb SacI-PvuI fragment. Fraction f and g displayed a
1.4-kb and a 600-bp fragment in addition to the 360-bp
fragment typical of the processed gene; conceivably the
360-bp fragment could be derived from either f or g and the
two larger fragments from the other S16 gene in this fraction.
These larger fragments as well as the 1.1-kb fragment from
fraction c could represent either partial digestion products,
processed genes with mutated restriction sites, or intron-
containing genes. As will be discussed below, a tentative
choice among these alternatives can be made when the
results of all three assays are considered together.

DISCUSSION

Similarities among mouse rp genes. Our characterization of
the expressed rp S16 gene, together with similar analyses of
the rp L30 and rp L32 genes (19, 88), provides three mouse
rp gene sequences which can be examined for common
features that might be implicated in the coordinated expres-
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FIG. 10. Rationale and design of an experiment which distin-
guishes intron-containing S16 genes from intronless processed
genes. (A) Diagram of the S16 and S16p genes showing the location
of SacI and PvuI restriction sites and the sizes of the predicted
restriction fragments. A probe that would specifically recognize the
Sacl-Pi'uI fragments (5' probe) was derived from the S16 cDNA
clone by digestion with PvuI and gel purification. This procedure
also yielded a 3'-specific probe which was useful for identifying P1'ii1
partial digestion products (see text). (B) A flow diagram of the
various parts of this experiment.
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FIG. 9. Thermal stability of S16 gene-cDNA hybrids. Genomic
DNA was digested with Pi'uII, electrophoresed on a 0.8% agarose
gel, transferred to nitrocellulose, and hybridized with the S16 cDNA
probe. After hybridization, the blot was cut into individual strips
which were given three successive 10-min washes in 2x SSC at
room temperature. Each of the strips was then washed for 30 min in
O.1x SSC at the indicated temperature. The DNA strips were dried
and autoradiographed together. The 75°C strip was later reprobed
with the S16 cDNA to show that no significant loss of filter-bound
DNA occurs with the higher-temperature treatments.

sion of these genes. Since these genes are apparently not
evolutionarily related to each other, it seems reasonable to
anticipate that highly homologous sequences occurring in
similar regions could be of functional significance (13).
The most striking similarity in these rp genes is at their 5'

ends. The cap site of each gene is enmeshed within a
-12-nucleotide pure pyrimidine tract flanked by blocks of
high (average, >80%) C + G content (Fig. 12a). The pyrimi-
dine tracts all have the common motif 5'-CTTCCYTYYTC-
3'. The cap sites, and by inference the sites of transcriptional
initiation, are the C residues at positions 4 or 5 of this motif.
Some moderate dyad symmetry in the C + G-rich blocks is
also evident. The similarity in 5' sequence organization
seems especially remarkable because these particular fea-
tures are not found in the majority of mammalian genes (9).
Another distinctive property of these rp genes is the lack

of a canonical TATA box 20 to 30 nucleotides upstream of
the transcriptional start site (Fig. 12b). In this region all three
genes have a six- to seven-nucleotide box that contains five
or six A-T base pairs and is generally flanked by a C + G-rich
sequence. Presumably, some aspect of this sequence pattern
or the novel sequence organization of the cap region or both
elements acting together can perform the function normally
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FIG. 11. Comparison of the sizes of the SaIc-Pvt'l fragments derived from individual S16 genes. (a) Purity of size-fractionated Psill,I
fragments containing S16 genes. Samples of each fraction of PviulI fragments were analyzed for S16 sequences by Southern blot analysis
together with a sample of Pvuiill-digested total genomic DNA. Essentially complete separation of S16 gene-containing Ps'iiI1 fragments was

obtained in all cases except fractions f and g; this fraction contains two S16 genes and is designated f+g. (b) Analysis of a SacI-Pl'ill digest
of the fractions containing individual S16 genes. The DNA of fractions a through j was sequentially digested with Sadl and Pvl'l, blotted onto
nitrocellulose, and hybridized with the 5' cDNA probe (Fig. 10A). After autoradiography the probe was melted off, and the blot was

rehybridized with the 3' cDNA probe. The arrowheads denote the position of the Sacl-Pvulu 360-bp fragment diagnostic of a processed gene.
The i fraction hybridized with the 5' cDNA probe gave an extremely intense signal at the usual autoradiography exposure, probably because
of a large underestimation of the amount of DNA in this fraction: therefore, a reduced exposure is included to illustrate clearly the 360-bp
fragment. Failure to completely remove all of the 5' probe from this fragment can account for the signal observed after hybridization with the
3' probe.

attributed to the TATA box; namely, the precise positioning
of RNA polymerase Il at the transcriptional start site (29,
50). Although precise transcriptional initiation in the absence
of a canonical TATA box is relatively rare among genes of
higher eucaryotes, it is not unique. In addition to the three rp
genes described here, it has also been observed for a few
viral (2) and cellular (5, 20, 23, 41, 51) genes. Interestingly,
most of these cellular genes are also of the housekeeping
category and share sequence features with the rp genes, e.g.,
the pyrimidine motif at or near to the cap site (20, 23, 41, 77)
or the neighboring C+G-rich blocks (5, 20, 51, 77). Other
housekeeping genes with C + G-rich 5' regions that lack a

canonical TATA box have been described previously (12,
63, 90). Conceivably, novel promoter architecture might
confer special regulatory properties on this class of genes.
The possibility that the transcribed portion of the pyrimi-

dine tract may play a role in regulating the translation of
rRNAs should also be considered since these mRNAs are
subject to translational control (27). The heat shock genes of
Dr-osophila rnelanogaster may be a paradigm for this kind of
regulation. Five different heat shock RNAs containing a

common 13-nucleotide sequence motif at their 5' terminus
(31) appear to be regulated at the translational level, possibly
through the interaction of the common motif with the protein

TABLE 1. Diagnostic features of the genes making up the rp S16 family

Gene Size of PvllDNID Thermal stability Sacl-PvuI
designation fragment sensitivity of gene-cDNA famn size

Gene type
(kb) hybrids" fragment size

a 7.4 - + + + 360 bp Processed, pseudo
(S16) b 6.7 + + + + 1.6 kb Intron containing, expressed

c 5.0 - + + 1.1 kb Processed?", pseudo
d 4.0 - + 360 bp Processed, pseudo

(Sl6p) e 3.0 - + + + 360 bp Processed, pseudo
f 2.7 - + 360 bp Processed, pseudo
g 2.5 - + + 600 bp. 1.4 kb Processed?", pseudo
h 2.1 - + 360 bp Processed, pseudo

1.5 - + 360 bp Processed, pseudo
1.2 - + 360 bp Processed, pseudo

+ + + > + + > +.
A gene type cannot unequivocally be assigned for these genes. They appeair to be nonexpressed pseudogenes. possibly of the processed type.
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a S16 (90) T G G C C C C G C
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L32 (90) G C C G C C G C C

COMMON MOTIF

b -40 -30 -20 -10

I I I
S16 (76) T G C G C C G C G C A C C C T j 7AA A A A T|C G G C,T C G G T T G G C C C C G C G (84)

L30 (69) C A A T C C T C C G T C G G C CT A G A AG A G C T T T G C A T T G T G G G A G C T (53)

L32 (60) C T A A G A C T C C G T C C C C A TA C C T T G C G C G C C G C C G C C G C C T (86)

FIG. 12. Comparison of the sequences encompassing the cap site (a) and the -20 to -30 region (b) of rp genes S16, L30, and L32. Cap
sites are denoted by asterisks. The common sequence motif of the pyrimidine tract is written below the gene sequences; Y indicates a
pyrimidine base. Horizontal arrows indicate sequences with dyad symmetry. Numbers in parentheses are the percentage G C base pairs in
the sequences flanking the pyrimidine tract and the A+T-rich box.

translational apparatus or some heat shock-specific protein
(45, 78). Conceivably, the pyrimidine tract may perform an
analogous role in regulating the translation of rp mRNA.
Another interesting feature of the rp S16 gene concerns

the structure of its introns and the mechanisms proposed for
intron splicing. In yeasts, the intronic sequence 5'-
TACTAAC-3', located near the 3' splice junction, is re-
quired for intron splicing (40). This sequence and a close
homolog were found in comparable locations within introns
of the mouse L32 rp gene (19). Recent analyses of the
intermediate products of RNA splicing reactions in yeasts
have revealed the existence of "lariat''-type structures with
a branch point at the last A residue of the TACTAAC motif
(18, 64). When the S16 introns were scrutinized, a recogniz-
able TACTAAC remnant sequence was found at the appro-
priate distance from the 3' splice junction of each intron:

CONSENSUS T A C T A A C
I1 /GT----lO1N-------C T C A C ----28N----AG/
12 /GT--1053N-------C T A A C ----21N----AG/
13 /GT-----56N----A C T A A -------23N----AG/
I4 /GT-----52N----A C T A A -------21N----AG/

Interestingly, one of the conserved nucleotides in these
remnant structures is the branch point A. Splicing of mam-
malian introns also involves lariat structures with branches
at A residues (28, 65). However, conservation of the neigh-
boring nucleotide sequence is, in general, less stringent than
that found in the rp S16 and rp L32 remnants. Perhaps the
persistence of these sequences in rp genes is a reflection of
their long evolutionary history.

Characterization of the rp S16 family. The mouse rp S16
gene family consists of 10 members, 2 of which were cloned
and completely sequenced. The nature of the other eight
members was examined by a set of analyses that could be
carried out with total genomic DNA. Our results, summa-
rized in Table 1 and briefly reviewed below, have enabled
us to give an almost complete description of the rp S16
family.
The DNase I sensitivity experiments showed that in

rapidly proliferating myeloma cells the expressed rp S16
gene is the sole member of the S16 family with a chromatin
configuration characteristic of an actively transcribed gene.
All other S16 genes were shown to be in a chromatin

structure normally associated with transcriptional quies-
cence. It seems, therefore, that only a single pair of rp S16
alleles contributes to S16 mRNA production in these cells.
This conclusion is consistent with the observation that the
intron sequence of S16 pre-mRNA is unique to this DNase
I-sensitive S16 gene. These findings support theoretical
arguments based on S16 mRNA lifetime, abundance, and
translation rates which suggest that the expression of a single
S16 gene can adequately account for the observed levels of
S16 mRNA and protein (53).
To explore the structural basis for the apparent lack of

transcriptional activity of the other S16 genes, two types of
experiments were performed: a thermal stability measure-
ment which assessed the extent of sequence divergence from
the expressed S16 gene and a restriction fragment analysis
which distinguished intron-containing genes from intronless
processed genes. The thermal stability experiments demon-
strated that most genes in the S16 family have sequences
highly divergent from those of the expressed gene: two genes
with approximately 0 to 2% divergence, two genes with 7 to
15% divergence, and five genes with 15 to 22% divergence.
Extensive sequence divergence may be taken to indicate that
these genes are nonexpressed pseudogenes which have
evolved in the absence of any selective pressure to maintain
their original protein-encoding capacity. The SacI-PvuI re-
striction fragment analysis demonstrated that at least seven
S16 genes are of the processed type. The two genes that
could not be unambiguously characterized by this assay are
very probably pseudogenes because they are in DNase
I-resistant chromatin in rapidly growing cells and have
substantial sequence divergence (>7%) from the expressed
S16 gene. It seems very unlikely that these divergent genes
would be active in a tissue which was not examined for
DNase I sensitivity.
Analyses of four other mouse rp gene families (18, 38, 57a,

88) have uncovered many processed pseudogenes but have
yet to reveal more than one functional gene per family.
These studies, together with the findings presented here,
indicate that mouse rp gene families typically consist of one
expressed gene and several inactive processed genes. Al-
though this situation may generally apply to all mammals
(17, 21, 55), it does not appear to be characteristic of lower
eucaryotes or even of lower vertebrates. In Saccharomyces
cervisiae, rp 51 (1) and presumably other rps (25, 43) are
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encoded by more than one functional gene, but no processed
genes have been found. In Xenopus laevis and other Xeno-
pus species, the rp genes are either unique or of low
multiplicity and so far no processed genes have been iden-
tified (8; F. Amaldi, personal communication). The apparent
lack of processed rp genes in nonmammalian species may
reflect the absence in germ cells of a reverse transcriptase
function or an efficient illegitimate recombination mecha-
nism, both of which are presumably needed for the prolifer-
ation of processed genes (83).

Although the predominance of processed pseudogenes
within the rp gene families is remarkable, it is not without
precedence. The human small nuclear RNA genes form an
exceptionally large multigene family in which 500 to 1,000
pseudogenes may be represented (16). Another example is
the human 1-tubulin gene family. This family is composed of
approximately 15 genes, of which two are expressed and the
remainder are pseudogenes of either the processed or intron-
containing type (41, 42, 89). This latter finding has led to the
hypothesis that gene family expansion via mRNA-derived
processed genes is likely to be more prevalent for those
genes that are expressed in germ line cells (41). Among such
genes would be constitutively expressed housekeeping
genes, the products of which are required by all cells for
their basic structural or metabolic needs. Both the rp genes
and the tubulin genes belong to this category. Other exam-
ples of families of housekeeping genes that are known to
contain processed genes include actin (56), cytochrome c
(66), metallothionein (34, 84), argininosuccinate synthetase
(24), glyceraldehyde-3-phosphate dehydrogenase (3, 30),
calmodulin (76), dihydrofolate reductase (10, 48), and the
small nuclear RNAs (6, 15, 16).

Since most housekeeping genes are likely to belong to
multigene families heavily populated by processed members,
it is clearly of considerable advantage to be able to identify
all of the expressed genes in these families without the
laborious task of cloning and characterizing every family
member. The general strategy used here for the rp S16 family
should be useful in this regard. Additional analyses such as
the examination of DNA methylation may also be helpful in
some cases (19), but to obtain unequivocal interpretations,
such approaches usually require a fairly detailed restriction
map of the gene in question.
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